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Abstract - Industrial wastewaters contain not only organic pollutants but also considerable amounts of inorganic ions that may affect 
the efficiency of wastewater remediation processes. Thus, it is important to study the influence of such ions in the respective chemical 
reactions. Here we performed Fenton reactions for the decolourization of Rhodamine B dye using the naturally occurring mineral pyrite 
(FeS2) as heterogeneous catalyst in presence of different inorganic ions that are typically present in wastewater. Additionally, the effect 
of milling time of the pyrite powder on the performance of the heterogeneous Fenton reaction has also been investigated.  
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1. Introduction 
Synthetic dyes are among the worst pollutants contaminating rivers and water reserves. A great deal of research is being 
carried out worldwide to identify low-cost and environmentally friendly approaches to the transformation of such pollutants 
into less damaging species. Research on advanced oxidation processes (AOPs) is becoming a hot topic more and more, 
because these approaches are considered to be more efficient than conventional water treatments. More specifically, 
processes based on the Fenton reaction prove to be superior to physicochemical and biological processes. In the classic 
Fenton reaction hydroxyl radicals (•OH) are created from the decomposition of hydrogen peroxide (H2O2) induced by 
aqueous Fe2+-salts. These highly reactive radicals attack the organic pollutant to degrade it into smaller organics molecules 
or until complete mineralization to carbon dioxide and water [1]. However, the efficiency of this reaction has been put into 
question many times, due to some disadvantages such as high operation costs, limited optimum pH range (around pH 3), 
large volume of iron hydroxide (Fe(OH)3) produced and difficulties in recycling of the homogeneous catalyst (Fe
2+-salt) 
[1]. On the other hand, the heterogeneous Fenton process in which the source of Fe2+-ions is a solid has been found to be 
more efficient, because there is a continuous production of Fe2+-aqueous cations from the continuous dissolution of the 
solid. Solid iron-based catalyst such as iron minerals can be easily recovered after reaction and maintain significant reactivity 
in successive operations [2]. 
Pyrite, one of the most abundant iron sulphide mineral on the Earth [3] has been used more recently as a catalyst in 
Fenton processes for the removal of organic pollutants from water because of its availability, low-cost and environmental 
compatibility [4-7]. Pyrite can be oxidized under acidic and neutral conditions, resulting in the formation of dissolved Fe2+ 
-ions (Eq. (1)) [2]. The presence of H2O2 increases the production of Fe
2+-ions (Eq. (2)-(4)) [8]. Moreover, the acidification 
of the reaction medium is regulated by the generation of H+as shown in Eqs. (1) - (3). This allows for an optimal pH value 
(pH 3-4) where the precipitation of Fe(OH)3 is avoided. 
FeS2 is particularly effective as catalyst when used in the form of nanoparticles [3]. However, the preparation of 
nanoparticles often requires rather complex synthetic methods. One simple method to obtain nano-sized materials is 
mechanical ball milling (MBM). By this technique, high mass production can be obtained at ambient temperature in a short 
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processing time making this technique appropriate for large-scale production [9, 10]. Pourghahramani et al. [11] have 
demonstrated that the mechanical milling of pyrite causes not only a change in the crystallite size but also a change of its 
surface properties like amorphization degree and lattice strain. It is well proven that such changes in a material can improve 
its reactivity. In a mechanical milled material with small crystallite size and high specific surface area there are a large 
number of grain boundaries providing more atoms ready to react. In addition, a higher degree of amorphization in the 
mechanical milled powders implies that the atomic bonds between constituent elements in the material are weakened 
promoting its reactivity. Another reason for reactivity improvement of the material is the enhancement of the lattice strain 
due to the mechanical milling process [11]. 
Very limited research has been done on the preparation of pyrite nanoparticles using MBM and use of it for the 
degradation of dyes [12]. The effect of prolonged milling, and the effect of inorganic ions like chloride-, nitrate-, sulphate 
and phosphate ions have not been studied yet. 
 
 2𝐹𝑒𝑆2 + 7𝑂2 + 2𝐻2𝑂 →  2𝐹𝑒
2+ +  4𝑆𝑂4
2− +  4𝐻+ 
 
(1) 
 2𝐹𝑒𝑆2 +  15𝐻2𝑂2  →  2𝐹𝑒
3+ +  4𝑆𝑂4
2− +  2𝐻+ +  14𝐻2𝑂 
 
(2) 
 𝐹𝑒𝑆2 +  14𝐹𝑒
3+ +  8𝐻2𝑂 →  15𝐹𝑒
2+ + 2𝑆𝑂4
2− + 16𝐻+ 
 
(3) 
 𝐹𝑒2+ +  𝐻2𝑂2 →  𝐹𝑒
3+ +  𝑂𝐻− + ∙ 𝑂𝐻 (4) 
 
2. Experimental 
Mineral pyrite (Alfa Aesar) was first manually ground. Then, mechanical milling was performed at 600 rpm in an  
ethanol medium  (planetary ball mill Retsch PM 100 CM). Zirconium oxide balls (diameter: 2, 5 and 10 mm) were used for 
milling by  balls to powder weight ratio of 10:1. The surface areas of the materials were calculated using the Brunauer-
Emmett-Teller (BET) equation (COULTER SA 3100). The crystallographic structure of the samples were investigated using 
a Siemens D5000 Cu Kα radiation X-ray diffractometer. A scanning electron microscope (SEM, QUANTA 400F EG) and 
an atomic force microscope (AFM) (MFP-3D Asylum Research) were used to study the morphology of the samples. The 
Fenton experiments were performed in ambient conditions, under stirring and natural pH. The pyrite powder was suspended 
in the Rhodamine B (RB) solution containing inorganic ions. After reaching the adsorption equilibrium, the experiments 
were initiated by adding H2O2. 1 ml samples were withdrawn at pre-determined time intervals during the reaction, and then 
sodium hydroxide was immediately added to the samples as reaction inhibitor. The samples were then centrifuged and the 
absorption spectra were measured with a UV-Visible spectrophotometer (Shimadzu UV 2600). 
 
3. Results and Discussion 
3.1. Effect of Milling Time 
The initial size of the used mineral pyrite granules was 1.5- 4.8 mm (technical data Alfa Aesar). The XRD pattern 
of the manually ground  material is consistent with the pure cubic pyrite phase with no significant impurities in the 
sample (Fig. 1). Analysis of the XRD patterns  of  the mechanical milled powders indicate that no change in the crystal 
structure occurred during milling operation (Fig. 1). The SEM images of the samples are shown in Figure 2. The pictures 
clearly demonstrate an enhancement in the particle homogeneity by increasing the milling time, as well as the presence 
of nanoparticles in the samples milled for 5, 10 and 24 h. The AFM image for the 24h sample (Fig. 2f) confirm the 
presence of nanoparticles in the powder. Specific surface areas of the FeS2 catalysts ball-milled for times between 0 and 
24 hours were obtained via BET measurements and are shown in Table 1. The data show an increase in the specific 
surface area as the ball-milling time increase and, noticeably, a substantial increase of the specific surface area for the 
catalyst ball-milled for 24 hours (17.1 m2/g) in comparison to the one ball-milled for 10 hours (7.3 m2/g). The powder  
ball-milled for 24 hours (Fig.2e and 2f) showed the highest surface area.  
 Fig. 3 shows the decolourization of Rhodamine B (RB) using FeS2 catalysts ball-milled for different times, 
demonstrating the effect of milling time on the decolourization efficiency of the heterogeneous Fenton reaction. The use 
of pyrite powder as catalyst acidified the system, hence the pH value was usually in the range of 3─3.5. Pyrite ball milled 
for 24 h decolorizes RB in approximately 90 seconds, clearly faster than the decolourization by 10 h (20 min), 5 h (20 
  
 
 
ICEPR 145-3 
min) , 1 h (60 min), and hand-milled pyrite (40% decolourization in 120 min). As expected, the sample with the highest 
surface area catalysed the reaction more efficient.  A sample with high surface area possesses more active sites for the 
ongoing reactions, where Fe2+-ions are formed and consequently more generation of hydroxyl radicals is possible. Our 
results confirm that the ball-milled pyrite has a powerful catalytic activity in the heterogeneous Fenton process even by using 
low concentrations of FeS2 (0.25 g/l) and H2O2 (9 mmol/l). 24 h ball-milled FeS2 possessed the best RB decolourization 
efficiency and was used in all further experiments in this study. 
 
Table 1: Specific surface area of the prepared FeS2samples. 
 
Milling time (h) 0 1 5 10 24 
BET surface area (m2/g) 0.1 2.7 5.6 7.3 17.1 
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Fig. 1: XRD patterns of natural FeS2 before and after ball-milling for different times. 
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Fig. 2: SEM images of ball-milled FeS2 samples at 0h (a), 1h (b), 5h (c), 10h (d), and 24h (e). AFM for 24 h sample (f). 
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Fig. 3: Decolourization of RB using FeS2 ball-milled at different times. [FeS2]=0.25 g/l, [RB]=50µM, [H2O2]=9 mM, pH =3.1 ± 0.2 A0: 
initial absorption, A: absorption at certain time. 
 
3.2. Effect of Inorganic Ions  
Wastewater may contain a wide range of inorganic ions in different concentrations. These ions can affect the 
concentration of hydroxyl radicals during the Fenton reaction and retard or inhibit the degradation of the dye [13]. The effects 
of different concentrations of chloride (Cl−), sulfate (SO4
2−), hydrogen phosphate (HPO4
2−) and nitrate (NO3
−) ions are 
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summarized in Fig. 4 and Tab. 2. Sulphate- and chloride ions are able to react with the formed hydroxyl radicals as shown 
in reactions (5) ─ (10) [14, 15]. They can form inorganic radicals such SO4
∙− and Cl2
∙− which are less reactive than the hydroxyl 
radicals [13].  Thereby, the amount of reactive hydroxyl radicals for the decomposition of RB becomes lower and the Fenton 
process is inhibited. Chloride- and sulphate ions also form stable complexes with Fe2+ and Fe3+ ions [16]. The formed 
complexes cannot catalyse H2O2 to produce hydroxyl radicals as efficiently as the free iron ion types, so that the amount of 
•OH for the reaction is further reduced [17]. In this study, the inhibition effect of chloride ions is noticeable with increasing 
chloride ion concentration (Tab. 2).  At a chloride concentration of 9 mM a complete RB decolourization was obtained in 
1.5 min, similar than the reaction without chloride ions. At 30 mM the decolourization time is prolonged until 5 min and at 
200 mM until 60 min. In comparison to that, the addition of sulphate ions has less influence in the heterogeneous Fenton 
reaction, as can be seen in Tab. 2. Only at high sulphate ion concentration (200 mM) is the decolourization time higher (5 
min) than the reaction without ion addition (1,5 min).  Siedlecka at al. [16] mention following reasons for the lower inhibition 
effect of SO4
2− in comparison to Cl−. The formed sulphate radicals (SO4
∙−) are more reactive than dichloride anion radicals 
(Cl2
∙−) so that they can take part in the reaction. Furthermore, the sulphate/Fe2+ complex is more reactive towards H2O2 than 
Fe2+ alone. Therefore, the inhibitory potential of the sulphate ions is balanced.  
The decolourization curves obtained with phosphate ions show that the heterogeneous Fenton reaction is very sensitive 
to these ions (Fig. 4). At pH 3, phosphate preliminarily exists in the form H2PO4
− which will react with Fe2+ and Fe3+ ions 
to form complex compounds [17, 18]. Consequently, the concentration of the active dissolved iron remaining in the solution 
at high phosphate concentrations is low for the reaction with H2O2 and the Fenton reaction is inhibited. Additionally, other 
factors like the precipitation of iron-phosphate species on the catalyst surface [13, 19] and the adsorptions behaviour of the 
phosphate ions on the surface catalyst may also have a significant effect on the overall reaction rates. Yang et al. [19] 
demonstrated that phosphate ions could displace the adsorbed dye from the surface of Fe3O4 catalyst at neutral and acidic 
pH, and inhibit its catalytic ability. Phosphate ions interact also with hydroxyl radicals (Eq. (11)), so that the amount of •OH 
for the decomposition of the dye in the system is reduced. In our reactions, the decolourization of RB with phosphate 
concentration of 5 mM and 9 mM showed 22% and 19% RB decolourization after 2h reaction time, respectively. The low 
decolourization degrees indicates that the catalytic decomposition of  H2O2 is strongly affected by these phosphate ion 
concentrations.  On the contrary, at lower phosphate ion concentration (0.5 mM) a complete RB decolourization could be 
reached in 40 min. 
Since nitrate ions do not form complexes with Fe2+ and Fe3+ ions and they will not react with hydroxyl radicals [18], 
they have only low influence on the heterogeneous Fenton reaction (Tab.2). Even at high nitrate concentration of 200 mM 
the RB decolourization was completed in 3 min. The sequence of inorganic ion inhibition effects according to our results 
was HPO4
2− >> Cl− > SO4
2− ≈ NO3
−. 
 
 𝐶𝑙− + ∙ 𝑂𝐻 →  [𝐶𝑙𝑂𝐻]∙− 
 
(5) 
 [𝐶𝐿𝑂𝐻]∙− +  𝐶𝑙−  →  𝐶𝑙2
∙− + 𝑂𝐻− 
 
(6) 
 𝐶𝑙2
∙− + 𝐻2𝑂2  →  𝐻𝑂2
∙ +  2𝐶𝑙− +  𝐻+ 
 
(7) 
 𝐶𝑙2
∙− + 𝐻𝑂2
∙  →  2𝐶𝑙− + 𝐻+ +  𝑂2 
 
(8) 
 𝐻2𝑆𝑂4 + ∙ 𝑂𝐻 →  𝑆𝑂4
∙− +  𝐻+ +  𝐻2𝑂 
 
(9) 
 𝐻𝑆𝑂4
− + ∙ 𝑂𝐻 →  𝑆𝑂4
∙− +  𝐻2𝑂 
 
(10) 
 ∙ 𝑂𝐻 + 𝐻𝑃𝑂4
2−  →  𝐻𝑃𝑂4
∙− +  𝑂𝐻− 
 
(11) 
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Fig. 4: Decolourization of RB in the presence of inorganic ions. [FeS2]=0.25 g/l, [RB]=50µM, [H2O2]=9 mM, pH =3.1 ± 0.2 (except for 
hydrogen phosphate at concentration of 9 mM and 5 mM, pH=7±0.2). A0: initial absorption, A: absorption at certain time. 
 
Table 2: RB decolourization under different inorganic ion concentrations. [FeS2]=0.25 g/l, [RB]=50µM, [H2O2]= 9 mM, pH=3.1 ± 0.2. 
 
Concentration 
(mmol/l) 
Time for complete RB decolourization  
(min) 
SO4
2− Cl− NO3
− 
0 1.5 1.5 1.5 
9 1.5 1.5 1.5 
30 1.5 5 1.5 
200 5 60 3 
 
4. Conclusion 
The low-cost, environmentally-friendly preparation of FeS2 nanoparticles via ball-milling and its testing as catalyst for 
the heterogeneous Fenton reaction were performed. The Rhodamine B dye was used as a model compound to monitor the 
catalyst performance under the presence of inorganic ions. The FeS2 sample with highly effective surface area showed the 
best efficiency as a catalyst. In the presence of sulphate- and nitrate ions the dye was completely decolorized in few minutes, 
while chloride ions affect the decolourization rate to a stronger degree. The strongest inhibition effect in the reaction was 
observed by phosphate ions.  Our methodology offers a practical way of reducing costs for waste water remediation, due to 
the efficiency of the Fenton process catalysed by the FeS2 nanoparticles prepared in this work. The simple processing will 
permit this process to be applied in developing countries. 
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